Original scientific paper The subject of this paper is testing of complex geometrical structures, i.e. stress analysis of a pipe branch model of A6 third pipeline at Hydropower Plant Perućica, Nikšić. Analysis of pipe branch model stress distribution was carried out by using finite element method and experimental methods. Finite element method defined 3D pipe branch model. Numerical calculation defined critical locations on model, i.e. locations with the greatest stress concentration. Strain gauges were placed on identified critical locations. Measured stress values confirmed values obtained by using numerical calculation. Experimental measurements were also taken by using new digital image correlation (DIC) method. DIC method is an optical non-contact method that can provide full 3D stress field and enables better understanding of complex structures such as pipe branches. The aim of this paper was to determine stress concentration factor for the pipe branch model by using numerical and experimental analysis.
Introduction
Geometrical shapes of pressure equipment range from very simple (e.g. a pipe) to very complex, where geometrical complexity of the equipment produces locations with large geometrical discontinuities, resulting in stress concentration. In order to validate integrity of real structures, such as pressure vessels, pipe branches and boiler structures, with the aim of easier, subsequent monitoring of behaviour of used structures, it is necessary to perform different types of analysis dependent on the criticality, design code and load cases [1÷4] .
The subject of this paper is the analysis of stress distribution of the pipe branch model subjected to internal pressure. Pipe branches are very widely used. Pipe branch designing process requires solving many problems: pipe branch shape, choice of materials, strength calculation, cost-effectiveness and reliability. Analytical stress calculation for the pipe branch structure is possible only for cylindrical surfaces of the pipe branch, away from stiffeners and holes. The calculation is defined by pressure vessel standards. Many authors researched and analysed stress distribution of pressure vessels or pipelines, i.e. pipe branches subjected to different load types: internal pressure or combined load composed of internal pressure, axial forces and bending moments [5÷8] . Besides, in order to analyse stress distribution of complex geometrical structures, many engineers use various software packages for calculations based on finite element method [6] . In papers [7] and [8] , the authors studied limit load solutions for branch connections (with straight branch to run angles) under different loads.
In this paper, behaviour of the model of the pipe branch subjected to internal pressure was analysed both numerically and experimentally. Focus of numerical analysis was on determining critical locations, i.e. locations with the greatest stress concentration. Strain gauge method was used for measuring stresses on defined measurement locations and obtained results were very close to numerical calculations. GOM optical 3D system and ARAMIS software [9] were used for obtaining stress distribution on location with the greatest stress concentration. By comparing results with experimental method, numerical model of the pipe branch was verified.
After detailed stress analysis was done, it was possible to evaluate stress concentration factor for the pipe branch model, which can be applied on structures with similar geometry.
Basic model
For the purpose of this research, pipe branch model of complex geometry (Fig. 1) was made of steel S355J2+N. Material properties are: elasticity modulus is 210 GPa, density is 7800 kg/m 3 and yield stress is 355 MPa. The pipe branch model should give the same stress value as the real pipe branch. The value of the same stress was obtained using similarity method in the following way:
where p is internal pressure, R is radius of the vessel, t is thickness. It was possible to apply similarity method to this pipe branch model subjected to internal pressure because all stresses were predominantly membrane stresses, with a very small contribution of bending stresses.
Figure 1 Pipe branch model, basic dimensions
Analytical stress calculation for the pipe branch structure is accurate only for cylindrical surfaces of the pipe branch, away from stiffeners and holes, and it is defined by pressure vessel standards. Because of very complex geometry, it was not possible to fully rely on the results of such calculation (although it gave accurate results in locations sufficiently away from discontinuities). The aim of numerical and experimental analysis was to analyse and determine pipe branch model stress distribution, i.e. to evaluate stress concentration factor in critical zones. Critical zones within the model are shown in Fig. 2 (at the cone intersection). Fig. 3 is made by using ABAQUS software package. Pipe branch model geometry, modelled with surfaces, was discretised into (surface) finite elements. Taking into account pipe branch symmetry regarding its geometry and load, only half of the model was analysed. Finite element mesh in expected critical zones of the pipe branch (based on model geometry) is denser.
Linear analysis was used for numerical calculation and the pipe branch was subjected to internal pressure with the value of 20 bar. Results of analysis obtained by using finite element method and presented in the form of von Mises stresses are shown in Figs. 4 and 5. Critical spots (measuring points MM1, MM2 and MM3) are marked in Fig. 5 and they present spots where strain gauge will be placed for experimental testing.
Stress values obtained on cylindrical surfaces away from discontinuities fully agree with values of calculation according to pressure vessel standards (boiler formula).
Tab. 1 shows von Mises stress values, on model, on locations with discontinuities. According to analysis of numerical calculation results, it was concluded that the maximum stress value appeared on MM1, which is the reason why only MM1 will be further analysed.
Experimental analysis
A strain gauge was placed in measuring point MM1, identified critical location with the greatest stress concentration on the structure (output of finite element method). Location on the pipe branch model where stress was measured is shown in Fig. 6 . Based on numerical calculations and experimental measurements, it was concluded that MM1 was a critical location on the structure, i.e. a location with the greatest stress concentration.
After this analysis, in order to measure full strain and stress field, a fairly new experimental method for threedimensional optical strain and stress analysis, based on Digital Image Correlation (Aramis−system, Fig. 8 ), was used. Since it was not possible to place strain gauge on the welded joint, 3D DIC method was used for recording strain distribution on the welded joint, at the intersection of stiffener and cylinder, after what stress values were calculated (Fig. 10) .
As can be calculated from Fig. 10 Firstly, as can be seen from Fig. 5 , an assessment is made that the value at the intersection of stiffener and cylinder (in welded joint) is 312 MPa, since the value averaged over small narrow areas would be even smaller.
So, since the numerical calculation cannot provide accurate stress values in areas with great geometrical discontinuity, comparing the results obtained using 3D DIC method and FEM in welded joint, estimated stress value at the intersection of stiffener and cylinder is 273 MPa (for 20 bar load). That is the value obtained using 3D DIC method and it is used in further discussion.
Discussion of results
Finite element method defined the pipe branch model and numerical calculations determined critical locations on the model, thus stress distribution of the whole model was obtained. Fig. 5 shows von Mises stresses on locations with geometrical discontinuities on the pipe branch model. A strain gauge was placed on critical location MM1 (FME result). By comparing numerical and experimental results, numerical model was verified. Stress value in MM1 obtained by numerical calculation amounts to 214 MPa, whereas stress value obtained by strain gauge amounts to 205 MPa. DIC technique was used to give the full field results in MM1, as well as in the welded joint, at the intersection of stiffener and cylinder (Fig. 10) , which is not possible to obtain by using strain gauges.
From Fig. 10 it can be concluded that the stress value in the basic material amounts to 231 MPa, whereas the stress value within the welded joint amounts to 273 MPa. These measurements confirm the presence of the stress concentration and it can be evaluated that the concentration intensity at the intersection of stiffener and cylinder amounts to about 30 % compared to the stress measured in measuring pointMM1.
Conclusion
This paper shows stress distribution analysis of a pipe branch model of A6 third pipeline at Hydropower Plant Perućica that is subjected to internal pressure, and this paper gives the following conclusions:
• Location with the greatest stress concentration was determined by FEM (welded joint near measuring point MM1, Figs. 5 and 7).
• Numerical and experimental methods confirmed that plastic deformation would not occur on the pipe branch model when subjected to 20 bar load, which can be seen in Fig. 7 , where strain gauge returned to initial stress value (0 MPa).
• 3D optical non-contact method for full field measurement, based on digital image correlation, was applied to the pipe branch model. Fig. 9 shows stress distribution in measuring point MM1.
• Since strain gauges cannot measure stresses on the welded joint (the most critical part on the structure), it was shown that 3D DIC method could be used for obtaining full stress field in the welded joint, at the intersection of stiffener and cylinder (Fig. 10 ).
• Stress concentration factor was determined as a ratio between maximum stress on the location with the greatest geometrical discontinuity and value of nominal stress present on the location with regular geometry (far from the stress concentration). Since measured maximum stress value in the welded joint in MM1 amounted to 273 MPa, whereas stress value on the location far from the stress concentration amounted to 121,5 MPa, the stress concentration factor was evaluated to be 2,25.
